INTRODUCTION
Sustaining long duration space travel and planetary colonies will ultimately require plant (crop) production systems to provide food and bioregenerative life support. Plants would also be useful for transit missions, where a relatively small crop growing system could provide fresh vegetables and fruits to supplement the crew's diet and provide a source of bio-available nutrients, which may be an important counter measure to radiation exposure (1) . Larger plant production systems (e.g., habitats and planetary bases) provide these benefi ts along with a greater life support capability of atmospheric regeneration and water processing (2) . Lighting is one enclosed plant chamber studies for bioregenerative research to provide uniform environments for comparative crop testing (2) . However, the relative low effi ciency and high heat generation of electric lighting add thermal control challenges and make these systems ineffi cient and massive. For plant growth to play an important role in the human exploration of space, we need innovative concepts that will make the plant lighting system effi cient, compact and lightweight. This paper describes the development of a plant lighting system which collects, transmits and distributes photosynthetically active radiation (PAR) from solar and supplemental electric light sources for biomass production in exploration missions.
SYSTEM CONCEPT
A schematic representation of the system is given in Fig. 1 . In this system, solar light, or light from an electric lamp, is collected by refl ector optics and focused at the end of an optical wave guide cable. The light is fi ltered by the selective beam splitter to reject non-plant growing spectra (λ < 400 nm and λ > 700 nm) from the light path to minimize the introduction of heat into the plant growth chamber. The PAR spectra (400 nm < λ < 700 nm) are transmitted to the plant growth chamber where the light is distributed uniformly over the plant growth area. The rejected non-PAR solar spectra can be converted to electric power by low band-gap PV cells. The electric power generated in this manner can be stored and used when sunlight is not available. The system concept discussed here is the outgrowth of the work conducted by Kato and Nakamura in 1976 (6) . In the work conducted three decades ago, the authors showed that fused-silica-core optical fi bers can effectively be employed in the transmission of solar radiation for photovoltaic, thermal and lighting applications. After the above mentioned work, there have been a number of studies during 1980s in Figure 1 . Schematic representation of the proposed system for transmission and distribution of the PAR for plant lighting PHOTOSYNTHETICALLY ACTIVE RADIATION FROM SOLAR AND ELECTRIC SOURCES 105 which optical fi bers have been used to transmit solar radiation for thermal processing (7, 8) , plant lighting (9-11) and illumination (12) .
LABORATORY MODEL DEVELOPMENT
To evaluate the effectiveness of the system concept described in Fig. 1 , we developed a laboratory model system consisting of : 1) the solar concentrator; 2) the electric light source; 3) the optical waveguide cable; and 4) the lighting panel. A brief discussion of each component is given below.
Solar Light Source
In the last several years, Physical Sciences Inc. (PSI) has been developing the Optical Waveguide (OW) solar energy system for materials processing (13-18). The prototype system which PSI developed for NASA/JSC in 1996 is shown in Fig.  2 . The system consists of two solar tracking units, each of which is equipped with two 20-in. (51 cm) parabolic concentrators. At the focal point of each concentrator is an optical fi ber cable (10 m long), consisting of 37 optical fi bers (1.2 mm diameter), which transmits the concentrated solar radiation to the material processing reactor. We utilized this prototype system for the Phase I work reviewed in this paper.
Electric Light Source
The electric light source chosen for this test was a Xenon (Xe) short-arc lamp rated for 1.6 kW electric input. 
Optical Waveguide Cable
The optical waveguide cables are composed of step-index, multimode fused silica-core optical fi bers. Table 1 summarizes the properties of the optical fiber for the cable. The transmission effi ciency of the optical waveguide cable used in this experiment was about 70% for the entire solar spectra. Higher transmission effi ciencies (~ 80%) will be achieved for the space qualifi ed optical waveguide cable (19) .
Selective Wavelength Filter
Selective spectral rejection can be readily achieved by using fi lters. Several commercially available fi lters meet the spectral cut-off requirements of this system. Table 2 summarizes the selective refl ective fi lters prepared for testing reported here.
Lighting Chamber
A lighting chamber was built for measuring: 1) light fl ux intensity and uniformity; and 2) light distribution effi ciency. The chamber was 32 inches (81 cm) tall, 16 inches (41 cm) wide and 16 inches (41 cm) deep. It was made of acrylic plate with aluminized Mylar surface inside of the chamber. A heightadjustable shelf inside of the chamber was used for lighting uniformity measurements at several distances from the lighting panel.
Lighting Panel
Several lighting panel confi gurations were designed and built for the tests. Figure 3 depicts the mechanism of integrating optical fi bers into the lighting panel for indirect light delivery. The optical fi bers were inserted horizontally into the semi-cylinder-shaped trough and the light was refl ected downwards. The lighting panel for this design was composed of four rows of troughs with nine holes drilled horizontally for each trough to accommodate a total of 36 optical fi bers connected to the panel. An alternative approach allowed direct lighting by connecting 36 optical fi bers to the trough vertically as shown in Fig. 4 . The inner refl ective surface of the trough for both approaches was coated with "Spectrafl ect," a diffuse white refl ectance coating (WRC-680) manufactured by Labsphere, Inc.
LABORATORY MODEL TESTING
The laboratory model consisting of the solar concentrator, optical fi ber cable and the lighting chamber is shown in Fig. 5 . One concentrator of the PSI system was connected to the lighting chamber via an optical fi ber cable consisting of 37 fi bers (36 fibers connected to the illuminator panel with one Table 2 . Selective Optical Filters Used for the Program Figure 3 . Optical fi bers emitting light horizontally into the troughs for "indirect" solar lighting Figure 4 . Optical fi bers emitting light vertically from the top of the troughs for "direct" solar lighting fi ber for diagnostic measurement). The lighting panel with four refl ector troughs was at the top of the chamber. The lighting chamber walls consisted of an acrylic mirror to maximize refl ection of the photons delivered inside of the chamber. In addition to the solar lighting source, we also utilized the Xe arc lamp light source for performance characterization tests. we expected a photosynthetic photon fl ux (PPF) of 640 μmol m -2 s -1 assuming the chamber lighting effi ciency to be 75%.
Two series of tests, solar lighting and Xe arc lamp lighting, were conducted. The lighting measurements were made using the instruments summarized in Table 4 .
A photograph of the trough lighting panel inside of the lighting chamber is shown in Fig. 6 . Light delivered by the optical fi ber using the indirect (side) ports was scattered by the diffuse refl ective surface of the troughs before illuminating the lighting chamber (Fig. 6 ). 
PHOTOSYNTHETIC PHOTON FLUX (PPF) MEASUREMENT RESULTS

Solar Lighting Data
Photosynthetic photon fl ux (PPF) measurements were made at 10 cm, 20 cm and 40 cm from the lighting panel. At each height, the sensor was placed at 49 locations on the target plane to map the intensity distribution. Figure 7 shows the PPF distribution plot over the base plate at a distance of 10 cm from the illuminator plate. The trough direction (Fig. 6 ) is in the Y-axis (depth direction). The total power input to the lighting chamber, calculated from the PPF values at 49 locations on the target plane, was 124 μmol s -1 . Note that the PPF is slightly lower on the right due to the fi ber-trough confi guration. This phenomenon can be explained as follows. As shown in Fig. 3 , the fi bers enter the cylindrical trough from the left, resulting in light being preferentially refl ected back towards the left side of the chamber. The PPF distribution plots for planes at 20 cm and 40 cm from the lighting panel are given in Figures 8  and 9 , respectively. Table 5 lists a summary of the lighting chamber PPF measurements for indirect light delivery. At each distance from the lighting panel, the average PPF, standard deviation and coeffi cient of variance were calculated from the 49 locations on the base plate. The lighting chamber effi ciency is defi ned as the ratio of the PAR photons reaching the measurement plane to the PAR photons supplied from the optical fi bers into the chamber. Measurement results in Table indicate that: 1) the optical fi ber cable successfully delivered solar lighting into the lighting chamber; 2) the distance between the lighting panel and the sensor plane increases the uniformity of the PAR fl ux; and 3) the wall absorption loss becomes appreciable as the distance between the lighting panel and the sensor plane increases. A second set of tests was conducted in which optical fi bers were inserted at the lighting panel vertically (see Fig. 4 ), allowing for "direct fi ber lighting." With this confi guration the PPF values were generally high, but the standard deviation (and the coeffi cient of variance) of the data were also high as shown in Fig. 10 . Results summarized in Table  6 indicate: 1) direct fi ber lighting was effi cient because refl ection loss at the diffuser surface was not involved; and 2) non-uniformity of the PPF was signifi cant because each fi ber in the cable tends to carry a different amount of solar radiance.
A third set of tests was conducted with solar light from two concentrators. In this case 36 fi bers from one concentrator were inserted horizontally into the trough lighting panel (Fig. 3) and the other 36 fibers were connected to the lighting chamber in direct downward lighting mode (Fig. 4) . Overall PAR delivery was higher than with a single concentrator, but the distribution given in Fig. 11 still shows nonuniformity. A summary of the data is given in Table  7 . The non-uniformity withstanding, a high PPF value of 1500 μmol m -2 s -1 was achieved at a lighting chamber effi ciency of 86%.
Xe Arc Lamp Lighting Data
PPF distribution and internal chamber lighting efficiency with the xenon lamp source showed no fundamental difference from the solar lighting because the properties of the optical fi ber and the lighting panel were the same for both cases. One technical difference was that the light output from the fi bers for the Xe arc lamp had a narrower spread angle than that in the solar lighting tests. This was caused by the fact that the light output from the Xe arc light source was close to parallel beams. Because of this, the refl ected light was primarily directed to the left without going through multiple refl ections. Figure 12 shows a very uniform PPF distribution, though it tends to decrease Figure 10 . PAR distribution in the lighting chamber for fi bers in the vertical confi guration ("direct" lighting) towards the right side of the lighting chamber. The lighting chamber effi ciency for this confi guration using the Xe arc lamp is 72.1%, which value is close to that of the solar lighting (75%) shown in Table 5 .
SPECTRORADIOMETRIC MEASUREMENT
The spectral data for both the solar and the Xe arc light sources were taken between 350 and 1100 nm at 2 nm intervals. Measurements were made with and without selective wavelength fi lters (Cold or Hot Mirror) placed between the light source and the fi ber optic cable to characterize the ability to remove non-PAR wavelengths from the light delivered to the plant lighting chamber.
Spectral characteristics of the solar radiation within the lighting chamber with and without a "hot mirror" (Rolyn Optics #60.5200) placed between the light source and the optical fi ber cable inlet are shown in Fig. 13 . The hot mirror attenuated wavelengths between 700 and 1000 nm, thereby reducing the overall irradiant heat load to the chamber. For this particular hot mirror, the irradiance begins to go Figure 11 . PPF distribution in the lighting chamber using a combination of horizontal ("indirect" fi ber lighting) and vertical ("direct" fi ber lighting) confi gurations Table 7 . Summary Results for Measurement of Lighting Uniformity for Fibers in the Horizontal ("indirect") and Vertical ("direct") Confi guration up at λ > 1000 nm. To eliminate transmission of photons for λ > 1000nm, a hot mirror with different cutoff characteristics would be needed to reduce these longer wavelengths. The difference between the PAR with and without the hot mirror is due to the Fresnel refl ections on the fi lter surfaces (~7 %). Figure 14 shows the spectral distribution of the Xe arc lamp light in the lighting chamber with and without the hot mirror fi lter. Without the fi lter the Xe arc lamp shows strong radiation between 800 nm to 1000 nm, indicating that a signifi cant amount of the Xe arc lamp power falls outside of the PAR wavelengths (20, 21) . The ratio of the power within PAR spectra and that in the spectra between 350 nm to 1100 nm was 0.413 for the Xe arc lamp, while for the solar spectra, the ratio was 0.552. As the non-PAR photons do not contribute to plant growth, the power within this wavelength regime is a thermal burden to the system. With the hot mirror, the dominant Xe arc spectra beyond ~750 nm were rejected, thus only the PAR component was transmitted to the lighting chamber. The difference between the PAR with and without the hot mirror is due to the Fresnel refl ections on the fi lter surfaces (~7 %).
SUMMARY AND CONCLUSION
This study led to a successful development, integration and evaluation of a laboratory model of the solar plant lighting system for controlled environment crop production. The solar light was effectively collected and delivered to a lighting cham- Figure 13 . Spectral characteristics of solar light in the lighting chamber with and without a hot mirror placed between the light source and the optical fi ber cable Figure 14 . Xe arc lamp lighting characteristics with rejection of non-PAR radiation with and without a hot mirror placed between the light source and the optical fi ber cable ber using the optical waveguide system. The PAR intensity and uniformity in the lighting chamber were compatible with plant lighting requirements. Lighting levels up to 800~1500 μmol m -2 s -1 were achieved with the solar light delivered by the optical waveguide system. The lighting effi ciency, i.e. the effi ciency of photon delivery from the optical fi ber outlet to a target plane in the chamber, was 75 ~ 85% for the indirect panel lighting, while effi ciencies higher than 95% were observed for the direct fi ber lighting.
Tests with a Xe arc lamp showed no fundamental difference from solar light with regard to PPF distribution and the fi lter screened spectral characteristics. However, the Xe arc lamp spectrum had a higher non-PAR component than the solar spectrum, particularly at wavelengths > 750 nm. Although the Xe arc lamp provided a broad, white spectrum similar to sunlight, its electrical effi ciency is not good in comparison to other arc-discharge lamps (21) , and more effi cient electric lamps should be considered for future testing of combined solar/electric lighting systems.
Placing a hot mirror fi lter between the light source and the inlet of the optical fi ber cable signifi cantly reduced the long wave radiation (non-PAR) reaching the lighting chamber. This clearly shows the feasibility of reducing the thermal input to a plant chamber for regenerative life support applications.
Based on these results, we conclude that the Optical Waveguide Solar Plant Lighting System is a viable and effective concept for space based plant production. Incorporation of direct solar lighting schemes for plant growth should signifi cantly reduce the equivalent system mass (ESM) costs for bioregenerative life support (22) .
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